ABSTRACT Esterase activity was present in the integument of adult female Boophilus microplus (Canestrini) ticks that are resistant to organophosphates (OP). Three esterases were puriÞed from adult integument, which hydrolyze the substrates p-nitrophenylacetate and ␤-naphthyl acetate after comparison of OP-resistant strain and an OP-susceptible strains. The esterases puriÞed by ionexchange chromatography were characterized using different esterase inhibitors; eserine sulfate, diethyl p-nitrophenyl phosphate (paraoxon), para-hydroxyl-mercuribenzoate (pHMB), and diisopropylphosphoßuoridate (DFP). All of the esterases had a molecular mass of 64 Kd (PAGE), but were characterized based on the esterase inhibitor effects as a B-esterase with ␤-naphthyl acetate afÞnity, a carboxylesterase with ␤-naphthyl acetate and p-nitrophenyl acetate afÞnity, and one A-Esterase (nonspeciÞc esterase) with p-nitrophenyl acetate afÞnity. The described esterases are an important detoxiÞcation mechanism in B. microplus ticks at the integument. We describe also a microplate biochemical assay for the detection of esterase activity in the tick integument, potentially a useful tool to detect esterase-mediated OP resistance in B. microplus ticks.
Boophilus microplus (ACARI: IXODIDAE) (Canestrini) ticks are considered one of the most important ectoparasites of livestock in the tropical regions of the world (Nuñ ez et al. 1985) . Acaricides are currently the most effective method of tick control, but B. microplus populations have evolved several mechanisms that allow them to survive exposure to acaricidal treatments. The development of acaricide resistance limits the effectiveness of acaricide-based tick control programs. Therefore, early detection of acaricide resistance is fundamental to the success of any tick control program.
Several compounds have been introduced and marketed for use as acaricides (Anonymous 1991) . Organophosphates (OP) are the most widely used acaricide for controlling Boophilus spp. ticks. Coumaphos, has been used since 1968, and quickly became the primary acaricide used to control Boophilus ticks on livestock in the United States (Graham and Hourrighan 1977) . The primary mode of action of OPs is as an OP acetylcholinesterase inhibitor, affecting nerve transmissions in the tick. The detoxiÞcation of an OP, or its toxic metabolites, occurs through hydrolysis, dealkylation, or oxidation (Nolan 1985) .
Recent research has focused on acaricide detoxiÞ-cation mechanisms because the primary acaricides used today are esters of substituted phosphoric, carbamic, or cyclopropane-carboxylic acids, and are consequently subject to enzymatic degradation (Devonshire 1991) . Earlier studies demonstrated an enhanced metabolic detoxiÞcation mechanism used by OP-resistant ticks (Roulston et al. 1968) . Hydrolases, particularly esterases, have been reported to be associated with organophosphate resistance in B. microplus (Riddles et al. 1983 , Rosario-Cruz et al. 1997 , Villarino et al. 2000 , but the importance of this association remains unclear. Results of previous studies detected differences in esterase activity in the integument of engorged female ticks when OP-resistant and susceptible tick strains were compared (Villarino et al. 2001) .
This study describes a biochemical micro-assay for the detection of activity levels of nonspeciÞc esterases in adult female B. microplus integument using ␤-naphthyl acetate as substrate and fast blue RR as azo-dye. It also describes the isolation, puriÞcation, and partial characterization of three esterases that were present in the integument of an OP-resistant strain. The major objective of this biochemical micro-assay was to detect speciÞc resistance mechanisms in individual ticks and estimate the frequency of resistant phenotypes in a population. This biochemical micro-assay for esterase detection may be useful in monitoring acaricide resistance in B. microplus tick populations.
Materials and Methods
The detection of esterase activity was conducted using the integument of adult females that was obtained by dissection. To ensure no bovine contaminants were present on the obtained materials, we designed a dot-blot enzyme-linked immunoassay (ELISA) for the detection of bovine IgG.
Ticks. Fifty engorged females from an OP-resistant strain (LC 50 ϭ 0.491% active ingredient coumaphos) and an OP-susceptible strains (LC 50 ϭ 0.052% active ingredient coumaphos) (Davey and George 1999) from colonies maintained at the USDA-ARS, Cattle Fever Research Laboratory, Mission, TX, were used in these experiments. Ticks were collected before oviposition began, frozen on dry ice, and transported to the College of Veterinary Medicine, Texas A&M University, College Station.
Tissue Process. Thirty ticks from the OP-resistant and susceptible strains were thawed and washed for 15 min in 100 ml of 0.15 M phosphate buffer solution (pH 8.0) (PBS) containing 2% Triton X-100 (Sigma, St. Louis, MO). Body wall samples (including base membranes, endocuticle, epicuticle, exocuticle, hypodermis, and sutures) from engorged adult females were obtained by microdissection. Each body wall was carefully washed in PBS and allowed to dry. Individual body wall samples were weighed, frozen with liquid nitrogen in a porcelain mortar, and crushed with a porcelain pestle. The powder was resuspended with PBS containing 1% Triton X-100 in a ratio 1:25 (w:v). The suspension was homogenized with a tissue homogenizer, transferred to 1.5 ml vials, labeled, and frozen at Ϫ20ЊC until biochemical assays were conducted. The samples were never pooled. The homogenates from individuals of the different strains were kept in different containers.
Bovine IgG Dot Blot ELISA. A 5-cm diameter circular PVDF membrane (Hybond, Amersham Pharmacia Biotech, Piscataway, NJ) was activated with methanol for 10 min and allowed to dry. Five microliters of the homogenate samples were blotted on the membrane. The membrane was washed for 5 min with TBST (10 mM Tris, 150 mM NaCl, 0.05% Tween 20) solution, then blocked in TBST containing 3% gelatin for 1 h. The membrane was washed three times for 5 min each with TBST. The membrane was incubated overnight in a solution of horseradish peroxidase conjugated rabbit anti bovine IgG (Sigma) diluted 1:10,000 in TBS (10 mM Tris, 150 mM NaCl) containing 1% gelatin. The membrane was then washed two times for 5 min each with 100 ml of TBST. The membrane was developed in 100 ml TBS containing 60 mg of 4-chlorophenol (Sigma) and 100 l of hydrogen peroxide at 4ЊC. Five l of bovine serum was included in the membrane as a positive control.
Esterase B Biochemical Microassay (EBBM).
A substrate solution was prepared in 10 ml of PBS, 10 mM ␤-naphthyl acetate (Sigma) in 100 l of acetone. A coupling solution of 5 mM Fast Blue RR (Sigma) in PBS containing 0.01% sodium dodecyl sulfate was also prepared. Four groups with 30 samples each were prepared as follows: group 1 (OP-resistant group): 50 l PBS, 25 l of OP-resistant strain homogenates, 50 l substrate solution, and 50 l coupling solution; group 2 (susceptible group): 50 l of PBS, 25 l of OPsusceptible strain homogenate, 50 l of substrate solution, and 50 l of coupling solution; group 3 (negative control group): 75 l of PBS, 50 l of substrate solution, and 50 l of coupling solution; group 4 (positive control group): 50 l of PBS, 1 U of puriÞed pig carboxylesterase (Sigma) in 25 l of PBS, 50 l of substrate solution, and 50 l of coupling solution.
All reactions were conducted at ambient temperature. Optical density (OD) readings at 540 nm were recorded after 1, 5, 10, 20, and 30 min using a VV Spectrophotometer (MRX II, Dynex, Chantilly, VA). The reactions were stopped after 30 min with 25 l of 3% acetic acid in distilled water. The OD readings were analyzed using analysis of variance (ANOVA) and Welch test with statistical analysis software (Jandel ScientiÞc Software 1994).
Esterase Purification. The esterase puriÞcation process was adapted from the procedures described by Prabhakaran and Kamble (1994) . The crude extract of 11 OP-resistant B. microplus adult female integuments were centrifuged at 1000 ϫ g for 10 min. The supernatant was passed over an ion-exchanger (DEAE Sepharose Fast Flow, Amersham Pharmacia Biotech), according to the manufacturer instructions.
Forty fractions were eluted using a gradient of increasing ionic strength Tris buffer (0.01 M Tris [pH 5.0] 0 Ð1.4 M NaCl). Each fraction was analyzed for esterase activity using p-nitrophenyl acetate (PNPA) and ␤-naphthyl acetate as a substrate in a microplate format. Previously, a 10 mM PNPA dissolved in PBS (PNPA buffer solution) was prepared. 20 l of each fraction was deposited in each well, and 150 l of PNPA buffer solution was added to each well. Optical density was determined at 405 nm after a 10-min incubation at ambient temperature. For the esterase activity against ␤-naphthyl acetate, a substrate solution was Þrst prepared consisting of 5 mM ␤-naphthyl acetate in 100 l of acetone and 0.15 M PBS (pH 8.0) and a coupling solution of 5 mM Fast Blue RR in PBS containing 0.1% sodium dodecyl sulfate. Twenty microliters of each fraction was added to the wells with 150 l of coupling solution. The microplate was incubated at ambient temperature for 20 min and analyzed at a wavelength of 540 nm. The fractions with esterase activity were desalted by overnight dialysis against PBS. Aliquots of 20 l of protein of each sample were separated by polyacrylamide gel electrophoresis (PAGE) using a 10% polyacrylamide gel (8 ϫ 10 cm) in a Mini Protean II electrophoresis chamber (Amersham Pharmacia Biotech, Piscataway, NJ) at 150 V (0.04 mA) for 45 min using the method described by Laemmli (1970) . An aliquot of 10 l of prestained low-molecular weight markers (Pierce Laboratories, Rockford, IL) was included as a standard. Once electrophoresed, the proteins in the gel were renatured for 120 min in 100 ml of PBS pH 7.2 containing 1% Triton X-100 with solution changes every 30 min. Then, the gel was incubated for 2.5 h in 100 ml of PBS pH 7.2 with 10 mM ␤-naphthyl acetate dissolved in 100 l of acetone, and Þve mM Fast garnet (Sigma) as the indicator agent (Manchenko 1994) . Fractions that showed more than one band in the gel were size fractionated in a Sephadex P-100 column (Amersham Pharmacia Biotech) according to the manufacturerÕs instructions. After puriÞcation, aliquots of 20 l of protein of each sample were separated in PAGE as described above. B. microplus integument crude extract and pig carboxylesterase (Sigma) were included as controls. Once electrophoresed, the gel was Þxed in methanol and stained with silver nitrate using the method described by Morrisey (1981) .
Esterases Partial Characterization. The effects of inhibitors on each isozyme were determined by addition of 0.001 m eserine sulfate, 0.001 m diethyl p-nitrophenyl phosphate (paraoxon), 0.001 m parahydroxyl-mercuribenzoate (pHMB), and 0.001 m diisopropylphosphoßuoridate (DFP) into 50 l of each fraction. The reaction mixture was incubated for 10 min in a microplate at 37ЊC. After incubation, 50 l of 10 mM PNPA in PBS 8.0 or 50 l of a substrate solution of 10 mM of ␤-naphthyl acetate 5 m Fast blue RR in PBS (pH 8.0) were added to the appropriate wells. The samples were incubated for 15 min at ambient temperature and analyzed at 405 and 540 nm. The reaction rate of each fraction was calculated in mM/ml/min using the method described by Ellman et al. (1961) .
Results
The EBBM analysis indicated an increased OD mean at all times tested in group 1 as compared with groups 2 and 3. The increase in OD between groups 2 and 3 was observed only after 1 min. Increases in OD between group 3 over group 2 were found after 5, 10, 20, and 30 min (Table 1) .
Statistical signiÞcance in at least one of the OD means was noted in each of the time intervals analyzed (F ϭ 27.62; df ϭ 2, 28; P Ͻ 0.001). Statistically significant differences between group 1 (OP-resistant strain) and group 2 (OP-susceptible strain) were noted after 1, 5, 10, 20, and 30 min (tЈ ϭ 6.28; df ϭ 16; P Ͻ 0.001). No differences between group 2 (OPsusceptible strain) and group 3 (negative control group) were noted after 1, 5, 10, 20, and 30 min using the Welch-tЈ test (tЈ ϭ Ϫ6.28; df ϭ 16; P Ͻ 0.001).
Fractions 6 and 19, obtained after elution from the DEAE column, had esterase activity as measured by hydrolysis of PNPA (Fig. 1) . However, fractions 4 and 6 exhibited similar activity when ␤-naphthyl acetate was used as a substrate (Fig. 2) . The esterase activity of each fraction, with either PNPA or ␤-naphthyl acetate as substrates was stopped differentially by various inhibitors. Fraction 4 showed a reaction rate against ␤-naphthyl acetate of 0.47 mM/ml/min and was slightly inhibited by DFP (0.44 mM/ml/min) and pHMB (0.40 mM/ml/min). Fraction 6 showed a re- The calculated difference between time 1 and 30 is also included. action rate against ␤-naphthyl acetate of 0.47 mM/ ml/min and was slightly inhibited by DFP (0.44 mM/ ml/min) and paraoxon (0.42 mM/ml/min). Fraction 19 showed a reaction rate against PNPA of 1.30 mM/ ml/min and was inhibited by eserine only (1.13 mM/ ml/min). On PAGE, two bands of different molecular weight (66 and 64 Kd) were detected in fraction 4 ( Fig. 3) with an active ␤-naphthyl acetate band of 64 Kd (data not shown). Two bands of different molecular weight (66 and 64 Kd) were also found in fraction 6 (Fig. 3) with an active ␤-naphthyl acetate band of 64 Kd (data not shown). Two bands of different molecular weight (66 and 64 Kd) were found in fraction 19 (Fig. 3) , neither having ␤-naphthyl acetate esterase activity (data not shown). No color reaction was found in the dot blot ELISA except for the positive control.
Discussion
The results demonstrated that the EBBM can detect carboxylesterase and cholinesterase activity in the integument of female B. microplus. The use of speciÞc inhibitors can identify and differentiate these esterases. However, the validity of this approach using crude extracts is questionable (Chounhury 1972) . Consequently, we used chromatography techniques to isolate, purify, and partially characterize three esterases from the integument of engorged females of the B. microplus. These ticks were previously identi- Þed as OP resistant (Davey and George 1999) . Similar detection of esterase activity has also been widely used in mosquitoes (Lee 1990 ) and tobacco budworms (Zhao et al. 1996) .
Because of the wide and overlapping substrate speciÞcity of carboxylesterases, an unambiguous classiÞ-cation of these enzymes is only rarely possible. Therefore, esterases have not been differentiated according to their catalytic properties, but rather on the basis of their reaction to certain inhibitors (Mounter and Whittaker 1953) . More recent classiÞcation indicated that A-esterases are enzymes, which are not inhibited by OP, but instead may hydrolyze the insecticide (Walker 1993) . Because A-esterases preferentially cleave aromatic esters, for example, phenylacetate, they are also designated arylesterases or aromatic esterases.
In contrast to A-esterases, B-esterases are inhibited by OPs through irreversible phosphorylation of the active site serine. Thus, B-esterases formally called aliesterases or nonspeciÞc esterases, are serine hydrolases (Walker 1993) . On the basis of their sensitivity against physostygmine (eserine), B-esterases can be further differentiated into cholinesterases and carboxylesterases (Mounter and Whittaker 1953) . The enzymatic puriÞcation process described in this study elucidated a 64 Kd carboxylesterase with ␤-naphthyl acetate and p-nitrophenyl acetate afÞnity, which was inhibited by the OP compounds, paraoxon and DFP, but not by eserine (fraction 6).
Carboxylesterases are associated with physiological processes, such as the synthesis and transport of cuticular wax (Sudderudin and Tan 1973) and the regulation of juvenile hormone in ticks (Sudderudin 1973 , Sparks et al. 1979 ). Both of these processes are highly active in ticks during the larval stage. In this investigation, we analyzed engorged females close to oviposition, when cuticular wax removal and growth was at minimum. Carboxylesterases are serine esterases that can serve a protective role for the target acetylcholinesterases (AchE) during OP insecticide intoxication because the former esterases are alternative phosphorylation sites (Watson and Chambers 1996) . Carboxylesterases also catalyze the hydrolysis of carboxylic acid esters to the free acid anion and alcohol and act on esters that are in true micellar solution, as well as on those in emulsiÞed form (Hemingway and Karunaratne 1998) , hence the importance of this group of enzymes in the detoxiÞcation process, especially when OPs in emulsiÞed form are used as acaricides. A 64 Kd nonspeciÞc esterase (A-esterase) with p-nitrophenyl acetate afÞnity that was not inhibited by OP compounds was also detected in OP-resistant adult female integuments (fraction 19). The capacity of this A-esterase to hydrolize acaricide was not evaluated, but should be conducted because of the importance of this enzyme during the OP detoxiÞcation process. We also identiÞed a 64 Kd B-esterase with ␤-naphthyl acetate afÞnity that was inhibited by DFP and pHMB (fraction 4).
Although evidence of esterase activity related to acaricide resistance in B. microplus larvae has been previously described (Rosario-Cruz et al. 1997 , Jamroz et al. 2000 , several esterases were mentioned, but no not speciÞc esterase was identiÞed as a potential detoxiÞcation enzyme. We previously detected a 64 Kd B-esterase highly active in organophosphate resistant larvae (Villarino et al. 2000) and identiÞed the presence of different amounts of esterase activity between OP-resistant and susceptible strains of adult female integuments (Villarino et al. 2001) .
Results of our study show an increase in esterase activity related to OP resistance in adult B. microplus engorged females. The method of cryopreservation used in the study maintained the capacity of the enzymes to hydrolyze ␤-naphthyl acetate. A strong esterase activity was shown in OP-resistant strain tick integuments, which presumably could confer protection against OP intoxication. However, further research using commercial acaricides and their metabolites is needed to identify the potential role of the tick integument and detoxiÞcation esterases systems after OP exposure.
